The phytopathogenic bacterium Xanthomonas campestris pv campestris (Xcc) is the causal agent of black rot disease of cruciferous plants. Xcc produces a range of extracellular enzymes (including proteases, pectinases, and endoglucanase) and an extracellular polysaccharide (xanthan), both being essential for pathogenesis . The expression cascade of these virulence factors is likely to occur in the determined place, at the appropriate stage of infection, and at a proper level to achieve successful infection by the pathogen . In Xcc, the production of extracellular enzymes and xanthan is subjected to coordinate positive regulation by the regulation of pathogenicity factors gene cluster (Tang et al., 1991; Slater et al., 2000) . Xanthan biosynthesis is regulated (at least in part) at a transcriptional level (Vojnov et al., 2001) . The production of xanthan seems to be required at early stages of Xcc infection in leaf mesophyll tissue (Newman et al., 1994) , but copious production of this polysaccharide is observed at later stages of pathogenesis in tissue undergoing necrosis (Vojnov et al., 2001) . Similarly, the operon that controls the synthesis of exopolysaccharide in Ralstonia solanacearum is mainly activated at later stages of infection of tomato (Solanum lycopersicum; Kang et al., 1999) .
The chemical structure of xanthan has been studied by several laboratories. It consists of a cellulosic backbone with (1/4)-b-D-Glc linkages and a trisaccharide side chain, b-D-Man-(1/4)-b-D-GlcUA-(1/2)-a-D-Man, (1/3) linked to every two Glcs (Fig. 1A) . About half of the terminal Mans are substituted with ketal-pyruvate residues and the other half with acetyl residues, and all of the internal ones with acetyl residues (Jansson et al., 1975; Melton et al., 1976) .
Most of the biochemical details of the biosynthesis of xanthan (Ielpi et al., 1993) and the genes that encode for the enzymes involved in the transfer of the sugars and of the nonglycosidic substituents have been described (Vanderslice et al., 1990) . Xanthan-deficient mutants of Xcc have been derived from wild-type strain 8004 by Tn5 mutagenesis (Barrère et al., 1986) . The structural analysis of the polysaccharide produced by one of such Tn5 mutants, the 8396 strain, has been described. The new polymer contains Glc and Man in a molar ratio of 2.0:1.0 instead of Glc, Man, and GlcUA (2.0:2.0:1.0) as in xanthan ( Fig. 1B ; Heyraud et al., 1998; Vojnov et al., 2002) . Genetic and biochemical analysis of another mutant, the 8397 strain, provided evidence for a role for gumB and gumC in the formation of high-molecular-mass xanthan from its pentasaccharide repeating unit . This mutant does not produce xanthan and became unable to grow on turnip (Brassica campestris; Newman et al., 1994) . Both 8397 and 8396 strains were complemented by recombinant plasmid pIZD15-261 that contains the whole gum cluster (Vojnov et al., , 2002 .
The production of xanthan polymers by phytopathogenic bacteria has been implicated in several symptoms, including the wilting induced by vascular pathogens and the water soaking associated with foliar pathogens (Denny, 1995) . In addition, the virulence of numerous phytopathogenic bacteria, including R. (Pseudomonas) solanacearum, Erwinia amilovora, Erwinia stewartii, and X. campestris, have been correlated with their ability to produce exopolysaccharide polymers in planta (Dolph et al., 1988; Kao et al., 1992; Geier and Geider, 1993; Saile et al., 1997; Yu et al., 1999; Newman et al., 1994; Vojnov et al., 2001) .
Suppression of host defenses is emerging as a key pathogenesis-related mechanism. A Pseudomonas syringae type III effector has been implicated in suppression of cell wall-based extracellular defense in Arabidopsis (Arabidopsis thaliana) plants (Hauck et al., 2003) . In addition to type III effectors, the tomato and Arabidopsis pathogen P. syringae pv tomato (DC3000 strain) also produces the phytotoxin coronatine, which is required for full virulence in Arabidopsis (Mittal and Davis, 1995; Bender et al., 1999) . In their study of X. campestris pv Vesicatoria, Keshavarzi et al. (2004) show that wild-type bacteria suppresses cell wall alterations, including callose deposition, that constitute a basal form of resistance to bacterial colonization.
Despite the extensive data available on exopolysaccharides of Xanthomonas, little is known of its role in host-pathogen interaction. In this report, we evaluate the role of xanthan in the pathogenicity of Xcc in Arabidopsis and Nicotiana benthamiana, the latter being more amenable to in planta studies. The involvement of xanthan and its structural features in the plant defense response were analyzed by comparing the population dynamics and symptom development of wild-type and xanthan-deficient strains. Our results suggest that xanthan specifically suppresses local plant defense by the inhibition of callose deposition, and that the biological function of this exopolysaccharide depends on its chemical composition.
RESULTS
Xanthan Is Required for Xcc Virulence and Necrosis Development in N. benthamiana and Arabidopsis Two X. campestris mutants defective in xanthan production (strains 8397 and 8396) were used for testing the importance of xanthan in plant-Xanthomonas interaction. Both 8397 and 8396 were shown to grow similarly in PYM (peptone, yeast, and malt extracts) liquid media, indicating that lack of xanthan production did not impair their in vitro growth (data not shown). Symptoms and growth in N. benthamiana and Arabidopsis plants were checked after inoculating the leaves with the wild-type strain and the 8397 and 8396 mutants (Vojnov et al., , 2002 . To assess bacterial development in N. benthamiana, leaf discs were bored from the infiltrated area, ground in 10 mM MgCl 2 , and serially diluted to measure bacterial numbers (Bouarab et al., 2002) . Arabidopsis plants were submerged upside down in the bacterial solution for 30 s and then covered with a transparent lid for 2 d to allow bacteria to penetrate the leaf and the first measure of bacterial population was carried out (Tornero and Dangl, 2001) . In contrast to the wild type, both mutant strains produced almost no symptoms in N. benthamiana and Arabidopsis plants (Fig. 2,A and B) . Growth of the mutants was reduced in N. benthamiana and Arabidopsis. For the wild-type strain, populations increased more than three orders of magnitude over the 4 d monitoring period. In contrast, the strain 8397 showed a 25-to 30-fold lower final concentration, after the same infection period, in both N. benthamiana (Fig. 2C) and Arabidopsis (Fig. 2D) . A similar growth profile has been shown for this mutant in turnip plants (Newman et al., 1994) . Finally the strain To investigate the effect of xanthan in Xanthomonasplant interactions, N. benthamiana and Arabidopsis leaves were preinfiltrated with purified xanthan 24 h before inoculation with Xcc strains (Fig. 3) . Interestingly, leaves of both N. benthamiana and Arabidopsis preinfiltrated with xanthan showed disease symptoms in response to Xcc strains 8397 and 8396 (Fig. 3 , A and B), whereas control leaves that had been preinfiltrated with water showed no symptoms of disease restoration (data not shown). Bacterial populations were assessed 4 d after inoculation. For the strain 8397, the number of bacteria recovered from leaves of N. benthamiana and Arabidopsis plants pretreated with xanthan was approximately 30-or 25-fold higher than one of the plants pretreated with water, and it reached the same levels of infection as the wild-type strain (Fig. 3, C and D) . Similarly, the bacteria number of the strain 8396 was approximately 15-fold higher than the one from water-treated plants (Fig. 3 , C and D).
The xanthan effect was dose dependent. The minimal concentration of xanthan required for restoring disease symptoms in 8397 strain was 50 mg/mL (Fig.  4A) . Surprisingly, coinoculation of xanthan with this strain is sufficient to permit the mutant to grow in N. benthamiana leaves (Fig. 4B) . Thus, in 8397 mutant strain, the restoration of infection by xanthan does not require an induction period to be effective. The same results were obtained in the Arabidopsis experiment (data not shown).
Truncated Xanthan Is Compromised in Its Ability to Induce Susceptibility to Xcc 8396 and 8397 Strains
We extended our experiments to understand whether the structure of xanthan is essential for the susceptibility recovery of Xcc mutants shown in N. benthamiana and Arabidopsis. Truncated xanthan produced by the 8396 strain lacks the negatively charged GlcUA and ketal-pyruvate residues (Fig. 1B) . We then tested whether this truncated xanthan is able to restore the disease to Xcc as pure xanthan did. Pretreatment of N. benthamiana and Arabidopsis leaves with the truncated exopolysaccharide failed to induce susceptibility to Xcc 8396 or 8397 strains (Fig. 5, A and B) . Bacterial populations in the zone of infiltration were assessed 4 d after inoculation. The number of bacteria population recovered from leaves that had been pretreated with truncated xanthan was not affected by this pretreatment. Truncated xanthan could not recover bacterial population number of 8396 or 8397 strains at wild-type levels as xanthan pretreatment did (Fig. 5, C and D) . These results suggest that the negatively charged GlcUA and ketal-pyruvate residues of xanthan are required for the biological activity of the polymer, and the modification of its structure abolishes the effect on the defense response of N. benthamiana and Arabidopsis.
Xanthan Suppresses Callose Deposition
Callose is a b-1,3 glucan with (1,6) modifications that are usually localized in pollen grains and tubes, dead elements of the phloem, plasmodesmatas, and tracheids. Callose synthesis can be induced by mechanical wound, physiological stress, and phytopathogen infection (Stone and Clarke, 1992) .
To determine whether the callose deposition is one of the mechanisms involved in reducing the growth of 8397 and 8396 mutants in planta, N. benthamiana leaves were inoculated with Xcc strains 8004, 8397, and 8396 and callose deposition was monitored. Twenty-four hours after infection, the inoculated leaves were stained for callose with aniline blue and cytological observations were performed at the sites of infection with UV-fluorescence microscopy. Callose depositions can be identified as bright-green points in leaves or veins (Fig. 6) . The callose depositions were quantified with IMAGE PRO PLUS software (Media Cybernetics). More than 10 adjacent fields of view along the length of the leaf were analyzed and averaged. The values provided are the average and SDs of more than four independent leaves for each replicate. The leaves inoculated with either 8397 or 8396 strains had a higher level (approximately 10-fold) of defense-associated callose deposition in the host cell wall than the leaves inoculated with Xcc 8004 strain (Fig. 6, A and B) . The same results were obtained in Arabidopsis (data not shown). Thus, reduced virulence associated with the lack of xanthan or the modification of its structure correlates with a severe diminution of the callose deposition.
To investigate if xanthan is the molecule responsible of the inhibition of callose accumulation after infection, Figure 4 . The susceptibility to Xcc induced by xanthan is dose dependent. A, Leaves of 4-week-old plants were preinfiltrated with either different concentrations of Xcc xanthan or water and 24 h later pretreated leaves were inoculated with the Xcc mutant strain 8397 (10 7 cfu/mL). B, Immediate establishment of susceptibility to Xcc 8397 strain by the xanthan suppressor. Leaves were preinfiltrated with Xcc xanthan (150 mg/mL) 0 and 24 h before inoculation (0 and 24), or water 24 h before inoculation (water) and then pretreated leaves were infected with the Xcc mutant strain 8397 as before. Numbers of bacteria were assessed immediately upon infection and 4 d later. The mean and SD of three separate measurements of bacterial numbers are given. Data sets marked with an asterisk are significantly different from control (water-pretreated leaves) as assessed by the Student's t test: *P , 0.001. leaves of N. benthamiana were pretreated with xanthan or water (control) 24 h before inoculation with the Xcc 8397 or 8396 strains. Control leaves showed an accumulation of callose deposition while the leaves pretreated with xanthan failed to accumulate callose in response to both mutant strains (Fig. 6, A and B) . Remarkably the truncated xanthan was not able to suppress the callose deposition (Fig. 6, A and B) . The same results were obtained in Arabidopsis (data not shown). This suggested that xanthan induces susceptibility of N. benthamiana to Xcc by suppressing the accumulation of callose deposition. This suppression effect is dependent on the structure of the xanthan. To examine whether the callose defense response observed with the nonvirulent Xcc strains was relevant to the plant resistance against the pathogen, N. benthamiana infection experiments were performed 24 h after the administration of 2-deoxy-D-Glc (2 DDG), a callose synthesis inhibitor (Jaffe and Leopold, 1984) . Callose deposition was evaluated 48 h postinoculation as before. As expected, no callose deposition was observed after 2 DDG treated leaves (Fig. 7, B and C) . Interestingly, when leaves were pretreated with 250 mM, but not 25 mM, of this inhibitor, both Xcc mutant strains 8397 and 8396 were unable to induce the callose deposition response and recovered the ability to cause infection, represented by the appearance of foliar symptoms as well as by the increase in bacterial populations of both strains (Fig. 7, A and D) . The 2 DDG inhibitor solution did not produce any symptoms or foliar changes when infiltrated alone (data not shown). The experiment has also been done using Glc (25 and 250 mM) as a control, and the same result as for water pretreated leaves was obtained for both concentrations (data not shown). The controls with the Xcc 8004 strain (wild type) were done for each experiment described in Figure 7 . As shown in Figure 6 , the wildtype bacteria did not induce callose deposition and no effect was observed when pretreatment was done with 2 DGG (data not shown). The data presented here shows direct correlation between the absence of callose deposition and the presence of infection symptoms, suggesting a major role of this mechanism in the defense response to Xcc.
DISCUSSION
Exopolysaccharides have been implicated in plantpathogen interaction as important virulence factors. Several results reported that exopolysaccharides production facilitates the dissemination of phytopathogenic bacteria such as E. stewartii and P. syringae pv syringae (Braun, 1990; Saile et al., 1997; Yu et al., 1999) . Also, its presence has been implicated in the production of infection symptoms, as the wilting induced by vascular pathogens and the water soaking associated with foliar pathogens (Denny, 1995) . Here we used a genetic approach to evaluate the role of the exopolysaccharide xanthan in the pathogenicity of Xcc by comparing the wild-type effect (8004 strain) with two xanthandeficient mutants. One of these mutants, the 8397 strain, was obtained by transposon insertion and eliminates the production of xanthan almost completely . The other mutant, the 8396 strain, produces a neutral polysaccharide through the polymerization of a truncated repeating unit, resulting in a polytrisaccharide instead of a polypentasaccharide as xanthan is (Vojnov et al., 2002) . We have shown that both xanthan-defective mutants are unable to cause disease in N. benthamiana and Arabidopsis leaves, and that pretreatment of the plant with xanthan restores the pathogenicity in both strains. Our data is consistent with callose accumulation inhibiting the growth of the pathogen in the plant, and with xanthan being involved in the suppression of this plant defense mechanism (Fig. 6) . Thus we have shown that xanthan induces host susceptibility to 8397 and 8396 strains and we have identified one of the defense mechanisms (callose synthesis) that is altered by this exopolysaccharide. On the other hand, the inhibition of callose synthetase by 2 DDG was enough to allow bacterial populations and symptom developments of both 8397 and 8396 strains in N. benthamiana. These results suggest that plant cell wall-associated defense seems to be the main initial barrier against Xanthomonas infection in N. benthamiana.
The suppression of plant defense mechanisms plays a crucial role in causing plant diseases (Bouarab et al., 2002; Hauck et al., 2003; Nomura et al., 2005) . Several virulence factors, which function as avirulence determinants that activate the plant defense responses triggered by recognition of their specific R proteins, act as suppressors of plant innate immunity in the absence of their specific R proteins (for review, see Abramovitch Figure 6 . Callose deposition in N. benthamiana leaves is associated with resistance and is suppressed by the Xcc exopolysaccharide xanthan. N. benthamiana leaves were pretreated with water, xanthan, or truncated xanthan and inoculated with strains of Xcc as before. A, The leaves were then stained for callose deposits 24 h post inoculation (white dots) and observed by light (left, light sections) and fluorescence microscopy (right, dark sections). Scale bars 5 200 mm. B, Average numbers of callose deposits per field of view (0.45 mm 2 ) are displayed. Error bars represent the SDs from three leaves of each plant and three independent experiments. Data sets marked with an asterisk are significantly different from the control (water-treated leaves followed by 8004 infection and water-pretreated leaves followed by 8397 or 8396 infections) as assessed by the Student's t test. Martin, 2004 Martin, , 2005 Alfano and Collmer, 2004; Nomura et al., 2005) . It has recently been shown that the P. syringae type III secretion system down-regulates the expression of a set of Arabidopsis genes encoding putatively secreted cell wall and defense proteins in a salicylic acid-independent manner (Hauck et al., 2003) . Transgenic expression of the avirulence gene AvrPto represses a similar set of host genes in susceptible Arabidopsis plants, compromises defense-related callose deposition in the host cell wall, and permits substantial multiplication of a bacterial hrp (hypersensitive response and pathogenicity) mutant (Hauck et al., 2003) . In addition, DebRoy and collaborators (2004) identified a key group of conserved type III effectors in plant-pathogenic bacteria that target salicylic aciddependent basal immunity, including callose deposition, and promote disease necrosis in plants. In this study, we have shown that xanthan production induces plant disease by suppressing callose deposition. We have also demonstrated that the truncated xanthan fails to suppress this defense mechanism and therefore the resistance of N. benthamiana to 8397 and 8396 strains. This result suggests that the presence of the negatively charged GlcUA and ketal-pyruvate residues in the xanthan might be essential for its biological function during bacterial-plant interaction.
The polysaccharide pair mannuronate-guluronate was previously shown to be the preferred binding site for bivalent calcium ions in the bacterial alginate (Lattner et al., 2003) . Moreover, xanthan, through its negatively charged GlcUA and ketal-pyruvate residues, is adsorbed significantly by magnesium carbonate, aluminum hydroxide, zinc oxide, and calcium carbonate, demonstrating its capacity to interact with suspended solids (Tempio and Zatz, 1981) . Callose deposition has been considered to reflect local changes of the plant cell membrane, which leads to an increased Ca 21 concentration, activating membrane-bound callose synthase (Kauss, 1991; Amor et al., 1995; Delmer and Amor, 1995) . In addition, local increase in Ca 21 ions could directly activate the callose synthase enzyme and initiate callose formation (Köhle et al., 1985) . This suggests that one mechanism by which xanthan could act to suppress cell wall-based plant defense would be the binding of extracellular calcium ions, through its negative charge, which consequently interferes with signal transduction linked to callose synthetase activation.
In conclusion, we show in this article that callose is required for resistance to Xcc and xanthan induces susceptibility to Xcc in N. benthamiana and Arabidopsis by suppressing the callose deposition. This suppression effect depends on the chemical structure of the exopolysaccharide. Our data present an important conceptual stride forward in understanding the role of exopolysaccharides produced by pathogens in plant disease establishment. An exciting future challenge will be the biochemical and genetic elucidation of this suppression effect, which may have implications for our understanding of Xcc pathogenesis and to develop innovative disease control methods.
MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
Xcc strains 8004 (wild type), 8397 (gum::Tn5lac; EPS minus), and 8396 (gum::Tn5lac; truncated EPS ) were described previously (Cadmus et al., 1976; Daniels et al., 1984; Tang et al., 1991; Slater et al., 2000) and characterized (Vojnov et al., , 2002 . Xcc strains were cultured in a 28°C shaker in PYM medium as reported by Cadmus and collaborators (1976) . Bacterial populations were measured in a U-3200 spectrophotometer (Hitachi Instruments) or an Ultrospec 1000 Pharmacia Biotech UV/visible spectrophotometer, at 600 nm. The antibiotics kanamycin (50 mg/mL) and rifampicin (25 mg/mL) were added when appropriate.
Xanthan Preparations
Xanthan or truncated xanthan were purified from culture of Xcc as previously described .
Plant Material
Nicotiana benthamiana and Arabidopsis (Arabidopsis thaliana; Columbia ecotype) seeds were germinated on 0.8% agar. Two-leaved seedlings were then grown on soil in growth chamber at 22°C with 70% relative humidity and a 12-h light/12-h dark cycle.
N. benthamiana Inoculations
All plant inoculations involved a minimum of three leaves from each of three plants, and each experiment was carried out at least three times. Leaves of 30-d-old plants were inoculated, by infiltration, with Xcc strains (10 7 cfu/mL in water) or water only as previously described (Newman et al., 1994) . For the infiltration experiments leaves were preinfiltrated with either water, purified xanthan, or truncated xanthan (150 mg/mL), and then inoculated with Xcc 8004, 8397, or 8396 bacterial suspensions 24 h later. Inoculation was performed according to published methods (Newman et al., 1994) . Bacteria were hand infiltrated into plant leaves at the abaxial surface by using a 1-mL syringe without needle. After inoculation, observations were performed every 6 h, assessing the foliar symptoms and taking samples for different assays. When necessary, treatment with 2-deoxy-D-Glc (Sigma-Aldrich) was carried out 24 h before inoculations, in concentrations of 25 or 250 mM as used previously (Ton and Mauch-Mani, 2004) . To assess bacterial development in planta, six 0.6 cm 2 discs from each leaf were taken at 0, 1, 2, 3, and 4 d postinoculation (dpi) and bacterial populations monitored as described (Newman et al., 1994) .
Arabidopsis Inoculations
Plant infections were performed as previously described (Tornero and Dangl, 2001 ) but adaptations were made for the infection with Xcc. Bacterial suspensions (OD 600 5 0.05) were prepared from 24 h/28°C PYM-liquid Xcc cultures (Cadmus et al., 1976 ) with 10 mM MgCl 2 , and Silwet L-77 was added (200 mL/L). Plant pots (nine seedlings each) were submerged upside down in the bacterial solution for 30 s and then covered with a transparent lid. Fortyeight hours after inoculation the lid was removed and samples were taken (days 2, 3, and 4). Bacterial populations were measured as previously described (Tornero and Dangl, 2001 ).
Callose Deposition Assay
Callose staining was performed 24 h after bacterial inoculation as described previously (Hauck et al., 2003) . Leaves were examined with a Zeiss Axiophot D-7082 photomicroscope with an A3 fluorescence cube. The callose depositions were quantified with IMAGE PRO PLUS software (Media Cybernetics).
